Cell surfaces of aggregation, adherence, and hydrophilic variants of Streptococcus sanguis were compared with cell surfaces of the parent strain with regard to their protein and antigenic constituents. Cell surface molecules were released by digestion with mutanolysin. Extraction with sodium dodecyl sulfate (SDS) urea, lithium diiodosalicylate, and boiling water did not solubilize any material which stained with AgNO3 in an SDS-polyacrylamide gel electrophoresis gel. The parent organism S. sanguis 12, which aggregates in saliva, adheres to saliva-coated hydroxyapatite and is hydrophobic, was found to possess a prominently staining 160,000 molecular weight (MW) protein. This protein, was almost completely absent from strain 12na, a hydrophobic nonaggregating variant, and was completely absent from the hydrophilic nonaggregating strain 12L. Trypsinization of strain 12 resulted in the coincident loss of the 160,000-MW protein and the ability to aggregate in saliva. Trypsin t-eatment reduced but did not eliminate the hydrophobic character of the cells. Boiling destroyed their ability to aggregate, but did not alter their hydrophobicity. Cell wall digests of strain 12 contained a number of proteins which were absent from strains 12na and 12L. Mutanolysin digests of cell walls of the hydrophilic strains contained almost no material that was visible in a silver-stained SDSpolyacrylamide gel electrophoresis gel. Culture supernatants contained a nutnber of proteins which were immunologically cross-reactive with cell surface proteins. The hydrophilic organisms released a number of 60,000-to 90,000-MW proteins not seen in culture supernatants from the parent strain.
In the oral cavity, distinct bacterial ecosystems form at specific locations. Evidence suggests that this is due in part to the ability of bacteria to adhere to different tissues by means of specific cell surface components (adhesins). Streptococcus sanguis, one of the primary colonizers of tooth surfaces, binds to salivary components, resulting in its adherence to saliva-coated enamel surfaces and the formation of aggregates in saliva. The adherence to saliva-coated hydroxyapatite (S-HA) has been proposed to involve a number of forces including hydrophobic bonds (29, 43) , ionic bonds (33, 36) , and lectinlike interactions involving a sialic acid-containing salivary receptor (7, 20, 25, 27) .
Fresh isolates of oral streptococci, including S. sanguis, are generally found to possess hydrophobic surfaces as shown by their ability to bind to hexadecane (8, 29, 34, 38, 42, 43) . Westergren and Olsson (43) found that variants of S. mutans and S. sanguis with reduced hydrophobicity showed reduced adherence to S-HA. Mutants of S. sanguis with reduced ability to bind to hexadecane do not adhere well to S-HA and do not agglutinate in saliva (6, 9) . Gibbons (9) showed by electron microscopy that a hydrophilic mutant had apparently lost fibrils from the cell surface.
Surface fibrils or fimbriae have been associated with adherence properties of streptococci in a number of other instances. Fibrillar or fuzzy coats have been implicated in the attachment of streptococci to epithelial cells and erythrocytes (2, 3, 10, 13, 17) , to other bacteria (26) , and to S-HA (5). Handley et al. (11) showed that S. sanguis possesses a number of different fibrillar structures.
A number of cell surface molecules, which may be carried on fibrils, have been suggested to act as adhesins or to impart * Corresponding author. hydrophobic characteristics or both. McBride et al. (22) found that cell walls of hydrophobic strains of S. mutans possess a number of high-molecular-weight (MW) proteins which are absent from the cell walls of nonadhering hydrophilic strains. It is not known whether any of these proteins function as specific adhesins. In the case of S. salivarius, Weerkamp and Jacobs (40) have identified two high-MW proteinaceous adhesins, one a galactose-binding lectin which acts as a Veillonella-binding protein, and the other a protein which is suggested to mediate adherence to host tissues.
Proteinaceous adhesins with sialic acid-binding and galactose-binding lectinlike activity have been identified on the cell surface of S. sanguis (15, 16, 20, 27, 28) . Recently, Morris and McBride (25) proposed a model for the adherence of salivary aggregating S. sanguis 12 to S-HA. The organism possesses adhesins which bind to two salivary receptors, one (probably a sialic acid receptor) which is stable to preincubation of S-HA at pH 5 (37°C) and the other which is inactivated by the preincubation. S. sanguis 12na, a variant of S. sanguis 12 which has lost the capacity for sialic acid-mediated salivary aggregation, still binds to S-HA. However, in this case adherence is mediated only through the receptor, which is destroyed by preincubation at pH 5 (37°C). Since strains 12 and 12na both bind to hexadecane, these two types of interaction may be stabilized by hydrophobic bonding.
The study reported here was undertaken to further characterize the cell surfaces of S. sanguis 12 MATERIALS AND METHODS Bacteria. Streptococcus sanguis 12 (type I) adheres to S-HA and aggregates in saliva. Both reactions are inhibited by neuraminidase treatment of saliva. S. sanguis 12na has lost the ability to aggregate in saliva, but still adheres to S-HA. These strains have been described previously (20, 25) . Strains 12na/1 and 12na/2 were isolated from 12na on the basis of differences in colony morphology. Strain 12na/l shows slightly more salivary aggregating activity than does 12na, while 12na/2 does not aggregate at all. All these strains are hydrophobic, as demonstrated by their ability to bind to hexadecane. S. sanguis 12L and 12naL are variants of strains 12 and 12na, respectively, which show reduced binding to hexadecane. Their isolation is described below.
All strains were checked on a regular basis to ensure that their phenotypic characteristics remained constant.
Culture conditions. Cells were grown overnight in tryptic soy broth (TSB) supplemented with yeast extract (3 g/liter) at 37°C. All strains showed similar growth rates in this medium. Harvested cells were washed twice in 0.05 M HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer (pH 7.2). Cells used for adherence assays were prepared as described previously (25) .
Hexadecane assay. The method described by Olsson and Westergren (34) was used for the hexadecane assay, except that the cells were suspended in 0.05 M HEPES buffer (pH 7.2).
Isolation of hydrophilic variants. Variants of S. sanguis 12 and 12na with reduced ability to adsorb to hexadecane were isolated by an enrichment procedure as described by Rosenberg and Rosenberg (39) and Gibbons et al. (9) , with minor modifications. The hexadecane assay was performed as described above under sterile conditions. A portion of the aqueous phase was carefully removed with a Pasteur pipette and inoculated into fresh TSB. This procedure was repeated four times. The aqueous phase was then plated on tryptic soy agar. The morphology of colonies was examined microscopically; single colonies of morphological variants were subcultured and hydrophobicity was measured as described above. Four hydrophilic variants of strain 12na were obtained by this method. However, since all seemed to have similar properties, only one (12naL) was selected for further study. This procedure did not produce any hydrophilic variants of strain 12. The hydrophilic variant of S. sanguis 12 was obtained by inoculating the strain into 10 ml of TSB with 400 RIl of hexadecane and mixing for 60 s. The bacteria were grown at 37°C overnight in the presence of hexadecane. The aqueous phase was removed and inoculated into fresh TSB. The above procedure was repeated twice before plating on tryptic soy agar as described above.
Salivary aggregation assay. Salivary aggregation titers were determined by the method described previously (24) .
Bacterial adherence to S-HA. Adherence was determined by the "direct" method as described by Morris and McBride (25) . S-HA was preincubated overnight at pH 7, 4°C, before addition of the bacteria. All experiments were performed in triplicate.
Trypsin treatment of cells. Bacteria were grown in this medium to early stationary phase. Culture supernatants were separated from the cells by centrifugation at 10,000 x g for 10 min. Any remaining cells were removed by filtration through a 0.22-,um-pore-size membrane (type GS; Millipore).
Supernatants were dialyzed against distilled water, freezedried, and suspended in HEPES buffer to 1/50 their original volume.
Preparation of cell walls. Cell walls were prepared essentially as described by McBride and Gisslow (20) . Cells were harvested and washed twice in HEPES buffer (25 g [wet wt]), mixed with 30 g of glass beads (diameter 75 to 100 ,um; Sigma) in HEPES buffer, and broken in a Mini-Mill (Gifford Wood Co.) overnight at 4°C.
Intact cells and cell walls were separated from glass beads by filtration through a sintered glass filter. The crude walls in the filtrate were separated from soluble cellular material by centrifugation at 12,000 x g for 15 min. The majority of whole cells were separated by gently resuspending the upper cell wall layer of the pellet. Cell walls were purified further by repeated centrifugation at 3,000 x g for 5 min. The whole cells formed a firm pellet, whereas the walls did not sediment or formed a soft pellet that was removed with the supernatant. The low-speed centrifugations were repeated until there were no unbroken cells in the preparation when examined by phase contrast microscopy.
Sodium dodecyl sulfate (SDS)-washed cell walls were prepared by incubating the crude cell walls in 3% SDS for 3 h at room temperature, followed by exhaustive washing in HEPES buffer to remove residual SDS.
Whole-cell extraction. Washed whole cells were resuspended in the extraction medium to give an A660 of 10.
Extractants used were 8 M urea and 0.3 M lithium diiodosalicylate. In each case, extractions were done at room temperature for 1 h and in boiling water for 15 min. In some cases, cells were extracted with 2 2% SDS-5% -mercaptoethanol as described previously (22) .
Mutanolysin digests. Whole cells or cell walls were suspended to an A6w of 10 in HEPES buffer with 0.02% sodium azide. Mutanolysin (Sigma) was added to give a final concentration of 50 U/ml, and the mixture was incubated overnight at 37°C. Digestion of all strains (as determined by the reduction in turbidity) was usually around 80% in this time. A control without mutanolysin was included. The suspension was centrifuged at 12,000 x g for 10 min, and the supernatant was dialyzed against H20 and lyophilized. In some cases, preparations of mutanolysin were found to contain low levels of proteolytic activity when assayed with azocoll or azocasein. Phenylmethylsulfonyl fluoride (1.0 mM) was found to inhibit the protease and was included in the reaction mixture. SDS-PAGE. SDS-polyacrylamide gel electrophoresis (PAGE) was run using 7.5% polyacrylamide gels by the method of Laemmli (14) . Samples were boiled in 2% SDS-5% P-mercaptoethanol for 5 min before application to the gel. The gels were stained for proteins with silver (30) . Molecular weight standards were myosin (200,000), ,Bgalactosidase (116,250), phosphorylase B (92,500), bovine serum albumin (66,200), and ovalbumin (45,000), obtained from Bio-Rad Laboratories, Richmond, Calif.
Electron microscopy. Cells were negatively stained with 2% (wt/vol) phosphotungstic acid adjusted to pH 7.2 with KOH or with 5% uranyl acetate in 70% alcohol. Observations were made with a Philips EM 300 electron microscope.
Immunological procedures. Antisera were raised in rabbits against formalinized whole cells of S. sanguis 12 and 12na.
Standard immunoelectrophoretic techniques were performed with 1.2% agarose in 0.08 M Tris-0.02 M tricine buffer (pH 8.6). For rocket immunoelectrophoresis, 5 or 10% antiserum was included in the agarose. Electrophoresis was carried out at 400 V.
Protein assay. Protein was determined by the Bio-Rad method (Bio-Rad Laboratories) with bovine serum albumin as a standard.
RESULTS
Properties of bacterial strains. The adherence and aggregation characteristics of S. sanguis 12 and its derivatives are summarized in Table 1 . Hydrophilic mutants of both strains 12 and 12na did not aggregate in saliva and exhibited a marked decrease relative to the hydrophobic strains in their ability to adhere to S-HA.
Electron microscopy of uranyl acetate-stained cells revealed that S. sanguis 12 possessed a uniform layer of short fibrils, as well as long fibrils which were more prevalent at the poles. In contrast, the hydrophilic strains were denuded of both types of fibrils. These results correspond to those of earlier reports (5, 9) associating fibrils with hydrophobicity.
Whole-cell digests. In an attempt to identify molecules which might contribute to adherence, aggregation, or hydrophobicity, cells from the various strains were solubilized and fractionated by gel electrophoresis. Although a number of protein were released from the cell surface of S. mutans LK by boiling in 2% SDS-5% 3-mercaptoethanol (22) , no material detectable in silver-stained gels could be extracted from S. sanguis 12 or 12na by this procedure. A variety of other agents including urea and lithium diodosalicylate also proved to be ineffective. Cells were therefore digested with mutanolysin, and the solubilized material was fractionated by SDS-PAGE. Whole-cell digests of S. sanguis 12 showed a prominent diffuse protein band with an MW of 160,000 ( Fig. 1) which was seen only faintly in digests of strain 12na and was completely absent from the hydrophilic strains. In instances when 12na had regained some aggregating activity, the band appeared more prominent. It was seen faintly in digests of the weakly aggregating strain 12na/1, but not in the nonaggregating strain 12na/2 (data not shown). Figure 1 shows that strain 12 contained two other faint bands, with MW around 200,000, which were absent from the other strains. Although bands were consistently seen in this MW range, they varied in number and intensity among preparations. Boiling the digests in 2% SDS-5% ,B-mercaptoethanol for up to 30 min did not significantly alter the protein profiles.
Cell wall digests. To provide evidence for the cell surface location of these proteins, differences among the strains were further examined in mutanolysin digests of cell walls of strains 12, 12na, and 12L. When an equivalent quantity of SDS-washed cell walls of each of these strains was digested with mutanolysin, followed by fractionation by SDS-PAGE (Fig. 2) , a large number of bands was observed in both 12 and 12na; however, the amounts were much lower in the nonaggregating strain 12na, and a number of bands were missing. In contrast, the cell wall digests of the hydrophilic strain 12L were almost completely devoid of silver-staining bands. In previous studies we have shown that adherence- (Fig. 2 ) was calculated to represent the material released from an equivalent quantity of cell walls.
To be sure that the qualitative differences in the protein profiles of the three strains were not simply due to the amount of protein applied, samples of digests of 12 and 12na cell walls were adjusted to an equivalent protein concentration and electrophoresed. There was so little protein in digests of 12L cell walls that it was not possible to electrophorese an equivalent amount of protein in this sample. The banding pattern was similar to that seen in Fig. 2 . Strain 12 possessed a number of high-MW proteins not seen in strain 12na. Thus there appear to be both quantitative and 4 qualitative differences in the proteins present on cell walls of the three strains.
Differences among strains in the gels could not be attributed to any variation in susceptibility to mutanolysin, since all cell wall preparations were approximately 80% digested. In fact, strain 12, from which most material was released, tended to be the most refractory to mutanolysin digestion.
Differences in the cell surface constituents were confirmed by immunoelectrophoresis with antibody raised against :ell walls digested with whole cells of strains 12 and 12na (Fig. 3) Trypsin-treated cells of S. sanguis 12 were digested with mutanolysin and examined by SDS-PAGE (Fig. 4) . Treatment with 10 jig of trypsin per ml for 1 h, which largely destroyed salivary aggregating activity, resulted in the elimination of the 160,000-MW protein from the cells. A reduction was also seen in bands of MW 72,000, 52,000, 37,000, and 35,000. However, the significance of these lower-MW bands is doubtful in view of the fact that corresponding bands did not appear prominent in mutanolysin digests of cell walls (Fig. 2) . Little (22), it was of interest to determine whether cell wall components which were not incorporated into the walls of mutant strains of S. sanguis might instead be secreted into the culture medium. Unfortunately, there was not a strong correspondence between the protein profiles of the culture supernatants by SDS-PAGE (Fig. 5 ) and the profiles of mutanolysin digests of whole cells or cell walls. A number of bands in the region of MW 160,000 were released by all strains. Although strain differences in this region were seen, these could not be related to adherence or hydrophobic characteristics.
Strain 12 released proteins of approximate MW 250,000 and 214,000, which were seen more weakly in the other strains. A band of MW 54,000 was released by the hydro- phobic but not the hydrophilic strains. In contrast, both hydrophilic strains released a number of proteins which were not seen in supernatants from the hydrophobic strains. These included prominent bands of MW 90,000, 80,000, 78,000, and 62,000.
Immunoelectrophoresis ( Fused rocket immunoelectrophoresis and Ouchterlony immunodiffusion confirmed that the culture supernatant from strains 12 and 12L contained a number of antigens which were cross-reactive with antigens in mutanolysin digests of cells and cell walls of strain 12 (data not shown). DISCUSSION The isolation of S. sanguis variants with defects in adherence properties has made possible a comparative study of the chemistry and morphology of their cell surfaces. These variants comprise (i) strains which retain the ability of the parent to absorb to hexadecane, but have lost the ability of the parent to aggregate in saliva, and which show altered characteristics in their adherence to S-HA (25) , and (ii) strains which do not adsorb to hexadecane, do not aggregate in saliva, and show much reduced adherence to S-HA. A strong correlation was seen between the possession of a diffusely staining protein of MW 160,000 seen in SDSpolyacrylamide gels and the ability to aggregate in saliva. This protein was found in cell digests of the parent strain 12, but was much reduced in the variant 12na. It is particularly interesting to note that the variant 12na/l, which has partially regained the ability to aggregate, contained a small amount of this protein, whereas strain 12na/2, which does not aggregate, lacked the protein entirely. The nonaggregating hydrophilic strains were also missing this protein. This protein band was found to be missing from whole cells digested with trypsin. Trypsin treatment resulted in the loss of salivary aggregating activity and has been shown previously to eliminate binding to S-HA (18) . Rosan and Appelbaum (37) have also reported that trypsin digestion caused the loss of a 160,000-MW protein, as well as proteins of MW 92,000 and 86,000. The involvement of a cell surface protein in salivary aggregation was further implicated by the fact that boiling destroyed aggregating activity. Evidence for a cell surface location for the 160,000-MW protein was found in the observations that (i) a band of comparable MW was found in SDS-washed cell walls, (ii) the protein was removed during trypsin digestion of the whole cells, and (iii) the protein reacted with antiserum raised against whole cells of strain 12 when analyzed by crossed immunoelectrophoresis following SDS-PAGE (unpublished observations). Adsorption of the antiserum with strain 12 but not strain 12L removed antibodies reacting with this protein(s). These observations support the view that the 160,000-MW protein is located on the cell surface and that it is missing from the surface of strain 12L. It is possible that this protein could be the sialic acid-binding lectin which is responsible for neuraminidase-sensitive salivary aggregation (20) and which acts as an adhesin mediating binding to S-HA (25) . However, a comparison of SDS-washed cell walls of strains 12 and 12na showed differences in at least eight other bands, a number of them with MW higher than 160,000. On the basis of our findings with S. salivarius (41) (32) and S. mutans (22) , in which adherence to hexadecane was eliminated by boiling or by trypsin treatment. However, unlike for S. sanguis, boiling removed cell surface protein from S. mutans.
McBride et al. (22) found that proteins missing from the cell walls of a hydrophilic variant of S. mutans appeared in the culture supernatant, suggesting that they were synthesized but not incorporated into the wall. For culture supernatants from the S. sanguis variants described here, we did not find molecules corresponding in MW to those which were absent from the cell walls. Nevertheless, a number of lower-MW (s90,000) proteins were found in the culture supernatants of hydrophilic strains but were not released by hydrophobic strains. This suggests that hydrophilic strains of S. sanguis may synthesize defective proteins or subunits which are then secreted into the culture medium. It was of interest that the majority of proteins which were secreted by hydrophilic, but not hydrophobic, strains lay in the MW range of the putative adhesins described by Liljemark and Bloomquist (16) (19) . Another investigator has also been unable to see clear-cut evidence of fibrillar appendages on these strains when using phosphotungstic acid (C. Mouton, personal communication). Nevertheless, a number of workers who have examined other strains of S. sanguis by electron microscopy have found evidence for peritrichous fibrils (6, 11, 13) as well as polar fimbriae (5, 9, 12) or "tufts" (26) . The polar fimbriae have been proposed to mediate adherence to Bacterionema matruchotii (26) , to be responsible for hydrophobicity (9) , to cause twitching motility (5, 12) , and to stabilize (but not be essential for) binding to S-HA (5) . In contrast, peritrichous fibrils have been suggested to be essential for adherence to S-HA (4, 5) as well as mediating hemagglutination and saliva-mediated aggregation (13 
